Monte Carlo simulations show that copolymers with uniformly ͑or periodically͒ distributed sticky comonomers collapse "cooperatively," abruptly forming a compact intermediate comprising a monomer shell surrounding a core of the aggregated comonomers. In comparison, random copolymers collapse through a relatively less-compact intermediate comprising a comonomer core surrounded by a fluffy monomer shell that densifies over a wide temperature range. This difference between the collapse pathways for random and uniform copolymers persists to higher chain lengths, where uniform copolymers tend to form multiple comonomer cores. In this paper, we describe the formation of such an intermediate state, and the subsequent collapse, by recognizing that these arise from the expected balance between comonomer aggregation enthalpy and loop formation entropy dictated by the chain microstructure.
I. INTRODUCTION
As solvent quality decreases, monomer-monomer attraction drives a polymer to collapse from a solvated expanded coil state to a compact globule. [1] [2] [3] [4] [5] [6] When a polymer chain contains mutually attractive ͑"sticky"͒ comonomer units, the phase behavior of the chain is richer compared to homopolymers. Theory and simulations show that collapse of flexible random copolymers is preceded by microphase separation due to aggregation of the sticky comonomers, and that the chain can exhibit frozen, folded, and collapsed states depending on its stiffness, the "stickiness" of comonomer interactions, and the distribution of comonomers along the chain ͑viz., chain microstructure͒. 3, 7, 8 It is interesting to examine the role played by copolymer microstructure on collapse-especially since copolymers with precisely tailored microstructures can now be experimentally realized using recent advances in synthetic techniques. 9 There are relatively few reports that investigate how copolymer microstructure influences collapse. Interestingly, these studies already indicate the important role of comonomer distribution in determining the path to the collapsed state. In experiments on poly͑Nisopropylacrylamide͒ ͑PNIPAM͒ chains grafted with polystyrene "stickers" in aqueous solution, Zhang et al. 10 showed that copolymers with equispaced stickers formed an ordered coil prior to collapsing "cooperatively;" while, in contrast, random copolymers did not form this intermediate structure and collapsed over a wider temperature range. 6, 10 Recently, telechelic star copolymers were shown to collapse into "watermelon structures" by aggregation of the terminal sticky comonomers.
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Such microstructure-controlled pathways to collapse have important technological implications since they provide opportunities to rationally control the architecture of nanoparticles prepared by intramolecular cross-linking during collapse of single copolymer chains. 12, 13 The two-letter copolymer collapse problem also represents a simplified version of protein folding. 14, 15 In proteins, amino acid sequences are not random, but are designed to ensure collapse and cooperative folding of the protein into its unique native state, [16] [17] [18] [19] often via well-defined intermediate states. [20] [21] [22] Interestingly, simulations indicate that copolymers with specially designed proteinlike sequences created by "coloring" monomer units on the outside of a homopolymer globule 5, 23, 24 exhibit abrupt transitions relative to random copolymers, and form soluble globules rather than precipitating.
Motivated by these reports, we investigate the influence of chain microstructure on the pathway to collapse, for a copolymer comprising two types of units: monomer m and comonomer c. We consider the case where c-units are "sticky" and compare copolymers with a uniform ͑or periodic͒ distribution of comonomers ͑viz., systems with quenched order, termed U͒ with random copolymers ͑viz., a͒ Author to whom correspondence should be addressed. systems with quenched disorder, termed R͒. U and R polymer structures are indicated schematically in Fig. 1͑a͒ . Uniform copolymers contain only one monomer sequence length ͑viz., number of m-units between consecutive c-units͒ whereas for random copolymers, there is a distribution of m-unit sequence lengths, with shorter sequences having higher probability compared to the longer sequences ͓Fig. 1͑b͔͒.
We have recently reported 25 dynamic Monte Carlo simulations of the collapse of flexible, nearly random copolymers and have demonstrated that in these copolymers, collapse happens via aggregation of c-units, and that the fraction of c-units dictates collapse behavior. Collapse of chains containing a high c-unit fraction ͑greater than about 50%͒ is qualitatively identical to a homopolymer with a higher effective solvophobicity. Such copolymers collapse by localized "crumpling" along the entire chain, thus leading to behavior that is qualitatively like a homopolymer with a higher effective solvophobicity. In contrast, copolymers with a lower fraction of c-units ͑less than about 50%͒ exhibit "copolymerness," viz., the collapse transition is qualitatively different as compared to homopolymers. In this case, c-units microphase separate from m-units to aggregate into a core, leading to an abrupt collapse transition. In this work, we study only chains that exhibit such copolymerness and examine the effect of comonomer distribution on copolymer collapse.
II. MODEL AND SIMULATION TECHNIQUE
We use dynamic Monte Carlo ͑MC͒ simulations with Metropolis sampling to investigate collapse of copolymer chains on a cubic lattice of size 64ϫ 64ϫ 64. Our copolymer chains comprise monomer units, m, and comonomer units, c. Sites not occupied by the copolymer contain solvent molecules, s.
We consider the case where c-units repel both solvent and m-units. This is representative of an apolar polymer chain containing polar comonomer units collapsing in an apolar solvent. Both m-units and c-units are solvophobic, and collapse is driven by effective m-m and c-c attractions. c-units are significantly more solvophobic relative to m-units and are, therefore, effectively "sticky." We use a Flory-like approach 26 wherein the "exchange" energy penalty to create an extra m-s contact is given by B ms = B. B is directly related to Flory's parameter. 26 All energies are normalized by kT, where k is Boltzmann's constant and T is the absolute temperature. For sticky c-units, the enhanced m-c or c-s interaction energy ͑relative to m-s interactions͒ results in a higher energy penalty to create additional m-c or c-s contacts, given by B mc = B cs = B, where the stickiness parameter Ͼ1.
The simulation scheme and the microrelaxation moves used in our MC algorithm are as described previously, 4, 25 where we ensure that there is no bond crossing, and that the excluded volume criterion is satisfied. The energy for a chain depends on the number of contacts between dissimilar units and the change in energy for a single MC move is ⌬E = 1 2 ͚ ␣ ␤ ⌬N ␣␤ B ␣␤ , where ␣ , ␤ ͕m , c , s͖, and ⌬N ␣␤ represents the net change in nearest neighbor contacts between ␣ and ␤. In each simulation, we equilibrate the copolymer chain on the lattice at B =0 ͑T = ϱ͒, and progressively increase B in steps of 0.0025 to simulate cooling. Our work is representative of equilibrium slow cooling experiments, since we observe no hysteresis between heating ͑decreasing B͒ and cooling ͑increasing B͒ runs. At each B, we relax the sample over 4 ϫ 10 6 MC steps and calculate structural properties over the subsequent 4 ϫ 10 6 MC steps. The radius of gyration of the chain and the c-c pair correlation function, g͑r͒, are calculated as described in our earlier work. 25 In this work, we examine copolymer chains of size N = 128 containing 12.5% c-units with =20 ͑we also state our findings for = 10, 50; N = 512; and 25% c-units͒. We have previously shown 25 that a random copolymer with this composition exhibits copolymerness, viz., in such chains, a microphase-separated c-unit-core m-unit-shell intermediate forms as the chain collapses abruptly between the state ͑B 0 Ϸ 0.02, the B range where ͗R g 2 ͘ϳN͒ and collapse ͑B Ͼ 0.1͒. As mentioned above, copolymer chains containing a large fraction of sticky c-units ͑greater than 50%͒ do not show copolymerness and collapse by crumpling locally rather than via a core-shell intermediate. 25 Therefore, it appears intuitive that the influence of the chain architecture ͑R versus U͒ on the collapse behavior should decrease as the fraction of c-units increases above 50%. This is indeed verified by our simulations ͑data not presented͒. Here, we restrict our discussion to a chain composition that exhibits copolymerness.
We generate a new random microstructure for each R-chain simulation and average over 50 different representations of the quenched disorder. U-chains with the same composition have 7 m-units that separate two consecutive c-units. For U-chains, we simulate sequences of ͑cm 7 ͒ 16 , m͑cm 7 ͒ 15 cm 6 , m 2 ͑cm 7 ͒ 15 cm 5 , and m 3 ͑cm 7 ͒ 15 cm 4 , and present data averaged over at least 15 runs. The variability in chain microstructure within each R-chain as well as across the 50 chains simulated results in higher error bars relative to U copolymers.
We first present a detailed analysis of the collapse of Rand U-chains with N = 128 containing 12.5% c-units with = 20. Subsequently, we examine the influence of chain length on the collapse transition for R-and U-chains. We also briefly discuss the effects of c-unit concentration ͑within the copolymerness range͒ and .
FIG. 1.
͑a͒ Schematic representation of chain microstructure for uniform and random copolymers. ͑b͒ Calculated probability distribution of m-unit sequence length ͑length of m-units between consecutive c-units͒ for random copolymers contrasted with that for uniform copolymers ͑where there is only one fixed monomer sequence length͒.
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III. RESULTS AND DISCUSSION
A. N = 1.28, x = 12.5%, =20
We follow the collapse of the copolymer chain on cooling from B = 0, by monitoring the change in specific heat, C v , calculated from energy fluctuations. As the copolymer collapses, solvophobic units aggregate, leading to an enthalpic gain that gives rise to a peak in C v . Therefore, we examine C v for the copolymers as a function of scaled temperature, T * = B −1 ͑Fig. 2͒. We observe that the C v peak for U copolymers is at a higher B ͑viz., lower T * ͒, as compared to R ͑peak onset at T * Ϸ 40 for U, T * Ϸ 60 for R͒. Further, for U-chains, C v is sharply peaked ͑since the step size in our simulations appears to be inadequate to resolve the peak in C v , we estimate C v max Ϸ 500 and full width at half maximum, FWHM Ϸ 10T * units͒ relative to R-chains ͑C v max Ϸ 250, FWHM Ϸ 18T * units͒. Thus, chain microstructure strongly influences collapse. The narrow, sharply peaked C v for U is suggestive of a "latent heat" associated with a "cooperative" collapse, 27 when compared with R, where the enthalpy associated with collapse is spread over a wider temperature range. We compare our results with those of Zhang et al., 10 who examined a copolymer of PNIPAM grafted with styrene chains ͑degree of polymerization of PNIPAM between successive styrene blocks ϳ500; styrene content in the copolymer ϳ4%͒. The calorimetric experiments of Zhang et al. appear similar to our C v results and show that collapse of the PNIPAM copolymers is associated with a sharp peak in C p , compared with a weak, broad peak for random copolymer collapse. Zhang et al. 10 claimed that the uniform copolymer ͑but not the random͒ forms a phase-separated core-shell structure that they termed an ordered coil. The formation of the ordered coil precedes collapse and is resolved as a shoulder to the C p peak from collapse. However, our earlier work 25 indicates that in our simulations, random copolymers too undergo intramolecular phase separation into a c-unit core m-unit shell structure as they collapse, for c-unit concentrations Ͻ ϳ 50%. Therefore, the origin of the difference in the behavior of R and U copolymers observed in our study does not arise from the presence ͑or absence͒ of an intermediate microphase-separated state, since both R and U copolymers show intramolecular microphase separation. Rather, the difference in the behavior of the R and U copolymers results from the structure of this microphase separated intermediate state, the temperature at which it is achieved, and the path taken to achieve it. To investigate the intermediate structures formed by R-and U-chains, we now examine their structural evolution during collapse.
On cooling ͑viz., increasing B͒, expanded copolymer chains contract via the condition to a collapsed globule. As previously, 25 we determine the state as the B value where ͗R g 2 ͘ϳN. For both R and U copolymers, B = 0.021± 0.001. 
creases to Ͼ2 for B Ϸ 0.03, and then rapidly decreases to a value Ͻ1, and finally increases to slowly approach 1 at B = 0.1 ͑Fig. 3, inset͒. The specific ͗R g 2 ͘ − B trajectory followed by a copolymer chain is a function of the c-unit distribution in that chain ͑gray lines in Fig. 3 indicate the collapse trajectories for chains having different random c-unit distributions͒. For U-chains, this trajectory is independent of the precise chain microstructure ͓whether ͑cm 7 ͒ 16 , m͑cm 7 ͒ 15 cm 6 , m 2 ͑cm 7 ͒ 15 cm 5 , or m 3 ͑cm 7 ͒ 15 cm 4 ͔, and the standard deviation from the "average" trajectory is smaller than the symbol size in Fig. 3 . For R-chains, the different microstructures randomly generated for the 50 simulations yield significantly different trajectories. However, the average trajectory for the R-chains is distinctly different from that for U-chains. We quantify the randomness of the chain microstructure by defining a randomness index, ␦, using approximate entropy concepts. 28 According to this, ␦ = 0.00 for the U-chains, while ␦ ϳ 0.15-0.35 for the R microstructures generated. We do The initial rapid decrease in ͗R g 2 ͘ for copolymers containing sticky comonomers is associated with the formation of a microphase-separated intermediate with a collapsed "core" of c-units surrounded by a solvated shell of m-units. We compute the c-c pair correlation function at the nearest neighbor shell, g͑1͒, by averaging the fraction of c-units adjacent to other c-units over a large number of chain configurations. g͑1͒ represents the mean square concentration fluctuation of c-units ͓viz., g͑1͒ is proportional to the integral invariant for scattering from c-units͔. An increase in g͑1͒ indicates c-unit aggregation. We observe a more abrupt increase in g͑1͒ for U copolymers, at higher B relative to R-chains ͑Fig. 4͒. Beyond B Ϸ 0.03, we cannot resolve differences between g͑1͒ for R and U.
Comparing Figs. 3 and 4 with Fig. 2 reveals that the C v peak corresponds to the B-interval where the copolymer ͗R g 2 ͘ undergoes an initially abrupt decrease and where g͑1͒ increases. Taking together the trends in ͗R g 2 ͘ and g͑1͒ ͑Figs. 3 and 4͒ indicates that the rapid decrease in the size of the copolymer chain beyond B is due to the aggregation of c-units. Aggregation of c-units happens at lower B for R copolymers relative to U; however, for U, the c-units aggregate abruptly, over a shorter B-interval. The formation of the c-unit aggregate is essentially complete by B Ϸ 0.03 and decrease in the chain size beyond B Ϸ 0.03 is due to collapse of solvated m-units. ͗R g 2 ͘ for U copolymers does not decrease significantly beyond B Ϸ 0.03, while R copolymers continue to densify gradually. This suggests that while the onset of aggregation of c-units for U copolymers happens only at higher B, this results in the formation of a nearly collapsed ordered compact intermediate.
We now explain the differences between the aggregated c-unit intermediates of the R and U copolymers. When sticky comonomers form aggregates, the enthalpy of c-c attraction decreases the free energy, while the loss of conformational entropy due to loop formation increases the free energy. The probability of M i chain units in a flexible, self-avoiding chain forming a loop in the coil state can be written as
where is the universal scaling exponent, and M i ӷ 1. We have verified this relation by calculating the fraction of selfavoiding chains forming loops in simulations at B =0 ͑ = 0.58͒. Surprisingly, we observe that the relation provides a reasonable estimate of the loop formation probability even at small M i ͑M i ജ 3͒. From Eq. ͑1͒, it is clear that the entropy penalty for loop formation, S ϳ ln͑W i ͒, increases with M i , viz., short loops can form more readily. For U copolymers, two consecutive c-units in the chain are always separated by seven m-units. However, for R copolymers, at least some c-units are separated by less than seven m-units, and have a correspondingly lower entropic barrier to aggregation. Thus, we anticipate that R copolymers will rapidly form initial aggregates involving c-units separated by only a small number of m-units. We calculate ͗M͘, the average loop length separating aggregated c-units ͑an aggregate is defined as two or more c-units in nearest neighboring lattice positions͒, as a function of B ͑averaged over 4 ϫ 10 6 MC steps, and over 50 chain microstructures for R and 15 chains for U͒. At B = 0, there is no enthalpic gain associated with c-c aggregation and, therefore, formation of c-aggregates is governed only by entropy of loop formation. At B = 0, our simulation results give ͗M͘ Ϸ 3.67 for R while ͗M͘Ϸ13.15 for U. At B = 0, most of the c-aggregates are dimers ͑Ϸ72% of aggregates for R and Ϸ95% for U͒, since the chance of three or more c-units aggregating is small. If, for simplicity, we assume that c-units aggregate to form only dimers, then we can estimate ͗M͘ at B = 0 by averaging over all possible R microstructures as
where the conformational entropy loss associated with loop formation, unlike in Halperin's analysis of intramolecular micelle formation in copolymers. 30 As B increases above 0, the enthalpic contribution from association of sticky c-units stabilizes c-aggregates, compensating for the entropy loss due to loop formation. Therefore, as B increases, larger loops form and ͗M͘ increases ͑Fig. 5͒. Increasingly large aggregates involving more c-units are formed, changing the distribution of c-unit aggregates. As B exceeds B ͑Ϸ0.02͒, the enthalpy of c-unit association dominates the free energy leading to microphase separation. Microphase separation is complete beyond B Ϸ 0.03; all the c-units are incorporated into a core and ͗M͘ tends to N m / N c ͑=8͒ for both R and U copolymers.
The copolymer microstructure determines the pathway along which microphase separation proceeds between B and collapse. When m-units and c-units are not covalently enchained, c-units condense abruptly in a "gas-liquid" transition at a well-defined B, where the enthalpy of c-unit interactions overwhelms the translational entropy of a "gas" of c-units. Topological constraints due to chain connectivity shift and broaden this phase separation, and the formation of c-aggregates is now determined by a balance of enthalpy of c-unit interactions and entropy of loop formation ͑rather than translational entropy͒: for U, c-units aggregate to form a core over a relatively narrow B-range ͑0.025-0.03͒ and ͗M͘ decreases abruptly from ϳ16 to 8, while for R, microphase separation is initiated immediately above B and continues until B Ϸ 0.03. Thus, the regular chain microstructure in a uniform copolymer determines the balance of c-unit aggregation enthalpic gain and loop formation entropy penalty such that c-unit core formation is postponed to higher B relative to random copolymers, and then happens abruptly to form a compact intermediate state. In comparison, random copolymers microphase separate over a broader B-range, forming an intermediate with a fluffy m-unit shell surrounding the c-unit core.
B. Effect of chain length, N
We now examine whether the difference in the behavior of R and U copolymers persists to higher chain lengths, since a "true" thermodynamic phase transition is only defined in the limit of infinite chain length. Our simulations become increasingly expensive with increasing N; therefore, there are practical limitations to the chain lengths that we can simulate. Here, we present collapse data for a series of random and uniform copolymers with increasing N from 64 to 128, 256, and 512, with 12.5% c-units and = 20. ͓We have performed a very limited number of simulations for chains with N = 1024 containing 12.5% c-units with =20 ͑2 simulations each for R-and U-chains͒. The results observed for these chains are similar to those for chains with N = 512, discussed in detail in this section. We observe the formation of a single core for R-chains, but the U-chains exhibit a tendency to form multiple c-unit aggregates, or multiple cores, as they collapse.͔ With increase in N, collapse of chains from the coil to globule state happens over an increasingly narrower range of B. 31 We observe that, for all N investigated, the onset of collapse for R copolymers is at lower B relative to U copolymers, similar to the case that we have analyzed in detail. Thus, at B values where the random copolymer starts to collapse, viz., ͗R g 2 ͘ R starts to decrease, the uniform copolymer is still relatively swollen. At these B values, the ratio ͗R g 2 ͘ U / ͗R g 2 ͘ R increases above 1; we observe that the peak value of ͗R g 2 ͘ U / ͗R g 2 ͘ R increases with N, from around 1.3 for N = 64 to around 4 for N = 512 ͑Fig. 6͒. As B is further increased, ͗R g 2 ͘ U / ͗R g 2 ͘ R decreases from its peak value and drops to a value lesser than 1 for N = 64, 128, and 256, viz., the size of the uniform copolymer decreases below that for the random as both chains approach a fully collapsed state ͑Fig. 6͒. However, for the chain with N = 512, ͗R g 2 ͘ U / ͗R g 2 ͘ R does not decrease below unity after the peak, and ͗R g 2 ͘ R ഛ ͗R g 2 ͘ U in the B range where U-and R-chains collapse. Our analysis in the previous section shows that the decrease in ͗R g 2 ͘ U / ͗R g 2 ͘ R to below 1 after the peak is indicative of the compactness of the core-shell structure formed during collapse for U copolymers relative to R. We now examine the collapse of copolymer chains with N = 512 to understand the difference in behavior relative to shorter chains.
The excluded volume of chain segments emanating from a comonomer aggregate makes it unlikely for a chain to be able to form a single core for large N ͑for which the number of c-units is correspondingly large͒. Using a scaling argu- 33 show that above a critical value of chain length, N, these copolymers collapse into structures with multiple cores; however, with further decrease in temperature, the increase in comonomer mutual attraction drives coalescence of these multiple cores to form a single comonomer aggregate.
In our simulations, we see differences in the tendency to form multiple cores for R and U copolymers. For random copolymers, only a single core is formed during collapse in all our simulations ͑N up to 512͒. For the corresponding uniform copolymers, a single core is formed during collapse of chains with N = 64, 128, and 256; however, chains with N = 512 have formed two distinct cores 34 in every single simulation run ͑see, for example, a snapshot from a typical run in Fig. 7͒ . The multiple core structure for the U copolymer with N = 512 forms immediately after the decrease in ͗R g 2 ͘ ͑viz., B Ϸ 0.025͒ and the multiple cores are retained as B is increased to 0.1 ͑viz., we do not observe the cores coalescing even at B values substantially higher than the onset of collapse͒. We note here that the inability of the multiple core structure to transform into a single core even at high B in our simulations could result from an artifact of the lattice Monte Carlo scheme employed. However, these results clearly indicate the influence of chain architecture ͑R versus U͒ on the structure of the intermediate state formed during collapse.
Thus, the structure of the intermediate core-shell state is different for R and U copolymers for N = 512. Due to the formation of multiple cores, the intermediate structure for the U copolymer is not more compact than the corresponding R copolymer, in contrast to what is observed for shorter chains. However, even though R-chains form one core and U-chains form two for N = 512, the pathway to the intermediate coreshell structure is still determined by chain microstructure in the same way as in the case analyzed in detail ͑N = 128͒. Thus, for N = 512, the C v for U-chains is sharply peaked and narrow relative to R-chains ͑C v max Ϸ 3000, FWHMϷ 5T * units for U-chains relative to C v max Ϸ 700, FWHMϷ 28T * units for the corresponding R-chains; Fig. 8 , compare with Fig. 2͒ . Further, the increase in g͑1͒ is significantly more abrupt for the U copolymer during collapse relative to the R-chains ͑Fig. 9, compare with Fig. 4͒ . This indicates that for N = 512 too, the core-shell intermediate structure forms via an abrupt aggregation of c-units to form a compact, ordered core for U-chains, while R-chains follow a gradual process of comonomer aggregation.
Our data strongly suggest that the chain microstructurecontrolled difference in the pathway to collapse for U-chains relative to R-chains persists to higher chain lengths. The periodic structure of the U-chain leads to c-unit aggregation being delayed to higher B relative to the corresponding R-chain. However, the aggregation of comonomers in the first stage of the chain collapse happens abruptly for U-chains, over a narrower range of B, relative to R-chains.
C. Effect of c-unit concentration and
Initial simulations on copolymers containing different comonomer fractions ͑25% c-units͒ and for different values of ͑ =10,50͒ indicate that the difference in pathways to the intermediate state during collapse of R-and U-chains described in this work is preserved ͑data not presented͒. For U-chains with N = 512, x = 25%, and = 20, we observe the Comparison of change of g͑1͒ as a function of B for R and U copolymers for N = 512, at x = 12.5% and = 20. U copolymer shows a relatively sharp increase in g͑1͒ compared with the corresponding R copolymers. The magnitude of g͑1͒ of U is higher than R due to the formation of multiple cores in the collapsed state in U copolymers. The lines joining the points are meant only as a guide to the eyes. formation of either two or three comonomer cores in the intermediate state during collapse. We are unable to obtain multiple core structures during collapse of R copolymers in any of our simulations. However, we anticipate that increasing excluded volume constraints on chains with even larger N than we have simulated may lead to multiple core structures for R copolymers also. Thus, we speculate that for large N, both R-and U-chains will collapse into a string of coreshell "flowers," and that the chain microstructure will determine the details of the local c-unit aggregation process, similar to the finite chain lengths simulated here.
IV. CONCLUSIONS
We examine the dilute solution collapse of copolymers containing a small fraction of "sticky" ͑viz., mutually attractive͒ comonomers using dynamic Monte Carlo simulations. Copolymer chain microstructure ͑viz., the distribution of comonomer units along a copolymer chain͒ plays an important role in determining the path to the collapsed state. Our results indicate that uniform copolymers ͑comonomer units arranged periodically along the chain͒ collapse at lower temperatures relative to random copolymers; however, the collapse of uniform copolymers is abrupt as compared with random copolymers.
Copolymer collapse for both uniform and random copolymers happens via an intermediate core-shell structure, comprising a core of sticky comonomers surrounded by a solvated monomer shell. The formation of this intermediate structure can be explained as the expected interplay of the enthalpy of comonomer-comonomer interactions with the entropic penalty for the formation of loops when comonomers aggregate. Our work suggests that the regular chain microstructure of a uniform copolymer leads to the abrupt formation of a compact, nearly collapsed ordered intermediate core-shell state; the random copolymer microstructure leads to the formation of intermediates with "fluffy" monomer shells over a wider temperature range. This difference in the aggregation behavior of c-units during collapse of uniform and random copolymers persists to higher chain lengths. We observe the formation of multiple core intermediate structures during collapse of uniform copolymers at N = 512, but not for the corresponding random copolymer.
